1) Introduction
Since Magneli 1 first reported tetragonal tungsten bronzes (TTBs), many complex oxides crystallizing with this structure have been shown to exhibit ferroelectricity with TTBs hosting the broadest variety of chemistries after perovskite-structured materials. TTBs consist of layers of distorted B1O 6 and B2O 6 octahedra sharing corners so that they form three different interstices: pentagonal (A2); square (A1, sometimes referred to as the perovskite site) and trigonal (C) which may be occupied by cations according to a general formula (A2) 4 (A1) 2 (C) 4 (B1) 2 (B2) 8 O 30 , Figure 1 . 2 For so-called 'stuffed' TTBs, such as K 6 Li 4 Nb 10 O 30 (KLN), Li is found in the trigonal C site 3 but in 'filled' TTBs the trigonal interstice C is empty and the general formula reverts to (A2) 4 (A1) 2 Several studies have attempted to classify TTBs using a geometric tolerance-factor (t) approach similar to that defined for perovskites by Goldschmidt 5 . Wakiya et al. 6 suggested individual tolerance factors for A2 and A1 sites:
that combine to give an effective tolerance factor (t TTB ) for the entire structure:
where R A1 , R A2 , R B and R O are the ionic radii of the A1, A2, B and O ions, respectively. t TTB , provides a metric to define whether the TTB structure is likely to occur for a given set of ions. Here, t A1 is the same as that proposed by Goldschmidt for perovskites.
Unfilled TTB structured ceramics based on compounds MNb 2 O 6 (M = Ba, Sr, Pb) have been extensively studied since the 1950s and have been shown to exhibit a range of dielectric properties and phase transition temperatures. [7] [8] [9] [10] [11] [12] [13] [14] TTB-structured compositions in Pb 1-x Ba x Nb 2 O 6 solid solutions are normal ferroelectrics [7] [8] [9] [10] [11] [12] , whereas the response of Sr 1-x Ba x Nb 2 O 6 changes from normal ferroelectric to relaxor-like at x ≈ 0.5. Figure 2a ,b. 19, 20 The incommensurately modulated compositions (RE = La, Bi) are relaxors whereas commensurately modulated ones (RE = Nd, Sm, Gd) are ferroelectric at room temperature and their Curie temperature (T C ) increases with decreasing ionic radius. 20 Levin and co-workers 19 concluded that relaxor behaviour in this family of TTBs is coupled directly to the incommensurate modulation whereas ferroelectricity is induced by the transition to commensurate octahedral tilting, stable for RE having ionic radii < 1.3 Å. 19 This model not only explained the coupling of relaxor/ferroelectric behavior to the appearance of incommensurate/commensurate superstructure but also gave a plausible rationale for the increase in T C with decreasing RE ionic radius, i.e. the restructuring (tilting) of the octahedral framework is driven by the A1 tolerance factor in a manner reminiscent of perovskites.
Relaxor-to-ferroelectric transitions have also been observed by the authors of refs [22] [23] [24] [25] [26] in Sm, and Eu). These authors did not investigate the coupling of relaxor/ferroelectric behavior to incommensurate/commensurate modulations but did note that the onset of ferroelectric behavior at room temperature occurred at lower RE (A1) ionic radii than for Ba-based TTB compositions. They concluded that the A2-A1 ionic-radius difference is another important factor in determining dielectric characteristics. [22] [23] [24] In this contribution, we present new transmission electron microscopy (TEM) data on Specifically, we will establish the relative importance of the incommensurate/commensurate transition in relaxor/ferroelectric behaviour in the context of conventional crystal-chemical concepts, such as positional disorder, ionic radius, polarisability, and point defects.
Experimental procedure
Fabrication and electrical characterization of all samples have been reported previously and the reader is asked to refer to appropriate references in the text for each compositional set.
New data however, has been generated for some of the compositions using TEM. Samples for TEM were prepared from sintered pellets by either sectioning and grinding to a thickness of <30 µm followed by ion milling until perforation using a Gatan 1 Precision Ion Polishing System (PIPS-Model 691, Pleasanton, USA, operated at 4 kV with an incidence angle 4° and 8°) or by crushing and dispersing the powder on lacey carbon-coated copper grids. Samples were examined in a Hitachi H9000 microscope (Tokyo, Japan) operated at 300 kV, a JEOL 2200FS HR-TEM (Tokyo, Japan) operated at 200 kV and an FEI Titan (300 kV). Kinematic electron diffraction patterns were simulated using the CARINE 3.1 software. For reflection indexes and lattice parameters, the subscript TTB refers to the aristotype structure with P4/mbm symmetry. (Figure 3a ), the relative permittivity shows relaxor type behavior with a distinct shift of the maximum of relative permittivity to higher temperatures and an associated increase in the magnitude and temperature of the loss peak. 25, 26 The relative permittivity of Sr 5 SmTi 3 Nb 7 O 30 displays a frequency independent maximum on heating, indicating a normal ferroelectric phase transition. However, this peak still exhibits frequency dispersion at lower temperatures (Fig. 3) . The authors' previous work. 25, 26 19 and Stennett et al. 20 and the patterns in Figure 4 are indexed accordingly. The diffraction patterns from Sr based TTBs are similar to those published by Levin et al. 19 and Stennett et al. 20 ( Figure 5) has a commensurate superstructure consistent with the cell proposed by Labbe et al. 27 Figure 15b . 12 The incommensurate superstructure in Pb 1-x Ba x Nb 2 O 6 is reported to exist above T C 12 in a manner similar to that described by Levin and co-workers. 19 Single crystal dielectric data also show that relaxor characteristics may be obtained perpendicular to the polar axis, which implies that frustration arising from the incommensurate modulation still plays a role in normal ferroelectric TTBs. 35 More dielectric measurements are required in single crystals from other TTB systems to establish whether this phenomenon disappears at the same time as the incommensurate modulation. Table 1 summarises the data presented in section 3 and also includes other TTB-structured compounds discussed in the scientific literature. Table 3 lists the primary dielectric behavior of the TTB compounds (R = Relaxor, F = Ferroelectric) along with the A1 tolerance factor, the average A-site ionic radii ((A1+A2)/2) and, when available, the corresponding O-B-O bond lengths. The reader is referred to Table 1 for references.
4) Crystal-chemical Framework
From Table 1 and The class of TTB structured compounds which best fits this description, the alkali RE niobates (K 4 RE 2 Nb 10 O 30, Re = La, Nd, Sm, Gd, Dy), is perhaps the least known. 44 Scott et al. 44 , as illustrated in their plot of c 0 spacing versus T C (Figure 16 ), report dielectric anomalies above RT for RE radii < Figure 17 is a plot of the average, (A1+A2)/2 ionic radius versus the A1 tolerance factor (perovskite sites) for the TTB compounds in Table 3 . This plot unifies the behavior of a wide range of TTB stoichiometries and compositions. The average (A1+A2)/2 ionic radius is a metric which influences the O-B-O bond length similar to the effect of Ba/Sr ratio in BST perovskite-structured ceramics. 38 The A1 tolerance factor is related to the driving force for octahedral tilting in a manner similar to that described for Ba-and Sr-based complex perovskites by Reaney et al. 47 Low A1 tolerance factors generally occur for compositions with small A1 site ions which also decrease the average (A1+A2)/2 ionic radius. Hence, these two metrics are co-dependent but each relates to a different crystal-chemical mechanism for stabilizing ferroelectricity. Two trend lines that are drawn on the plot refer to (Ba + K)-based and (Pb + Sr)-based TTBs. The trend lines reflect the close similarity in ionic radius between Ba (1.61Å) and K (1.64Å) and Pb (1.49Å) and Sr (1.44Å) in twelve-fold coordination, Table   2 .
36,37
Here, we assumed that unfilled sites have the same effective cation radius as the equivalent filled sites due to the rigid octahedral framework. Ubic et al. 48 discussed in detail the effective ionic radius of A-site vacancies in perovskite-structured ceramics where the octahedral framework is more compliant. They concluded that cation vacancies had a comparatively small effect on the lattice parameter. In addition, no attempt is made to calculate average A1 tolerance factors using A1 average site occupancies. This latter simplification is in part based on lack of detailed knowledge in many cases of the occupancies because of the absence of reliable structural refinements. Additionally, existing evidence suggests that the smallest-size A1 species dominate the driving force for tilting rather than the average size since Sr 5 Concurrently, a low A1 tolerance factor drives the transition from incommensurate to commensurate which is also associated with normal ferroelectric behavior. In between these two competing driving forces, relaxor behavior dominates. The relaxor regime for Ba-and K-based TTBs is more narrow than that of Sr based TTBs which have smaller A1 ionic radii.
This reflects the true crystal-chemical origin of the A2-A1 size difference trend proposed by
Zhu et al. [23] [24] and predicts that the vast majority of Cs (CN15 = 2Å) and Rb (CN15 = 1.85 Å) based niobate TTBs, if stable, should be ferroelectric based on the large potential A2 ionic radius which forces (A1+A2)/2 to be large even for small A1 site species. The two driving forces for ferroelectricity would therefore potentially overlap with either an extremely narrow or no intermediate region of relaxor behaviour. It is interesting to note that TTBs often exhibit lower temperature relaxations in addition to the primary ferroelectric or relaxor transition. One such case is presented in Figure 3 for Sr 5 SmTi 3 Nb 7 O 30 . In the context of this contribution, we note only that the complex interaction of multiple crystallographic sites with the incommensurate/commensurate modulation coupled to site disorder is likely to lead to so called 're-entrant' relaxor behavior, a topic dealt with by Zhu et al (2014) . 54 However, the primary dielectric behavior discussed in this contribution is dominated by the average A-site ionic radius and the A1 tolerance factor, as illustrated in Figure 17 .
Conclusions
1) A generic model for TTB structured ceramics is presented which assesses the role of the incommensurate/commensurate modulation in the context of more conventional crystallographic factors.
2) The most critical factors stabilizing ferroelectric over relaxor behavior are the appearance of the Ima2 commensurate supercell reported by Levin et al. 19 and
Stennett et al. 20 and the presence of a single d 0 species on the B-site. In the latter case it is important that the average (A1+A2)/2 site ion is sufficiently large to enhance the polarisability of Nb 5+ in a manner similar to Ti 4+ in BST perovskites. More work is required to understand the role of cation vacancies. Stennett et al. 20 6) A plot of (A1+A2)/2) versus t A1 illustrates succinctly the competing driving forces for the onset of normal ferroelectric versus relaxor behaviour in TTB-structured ceramics.
5) The trends in
This plot can be used to guide synthesis of new TTB compositions with desired properties. [001] projection of the prototype tetragonal tungsten bronze structure illustrating the interstices described by corner sharing octahedra, after Levin and coworkers. 19 . Indexation is in the prototype TTB cell. 40 and therefore according to our framework should be ferroelectric.
